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Drosophila melanogaster has a broad geographic range. Daily activity in this species exhibits seasonality
such that midday rest expands on long warm days, possibly to avoid desiccation. Comparative analyses
show that temperature-dependent control of this behavior is partly linked to patterns of per mRNA splicing
that are absent inDrosophila yakuba, a related species native to warmer climates with little seasonal change.Life as we know it on Earth exists between
approximately15Cand120C,anarrow
sliver of the range of temperatures found
throughout the universe. Because of the
strong temperature sensitivity of most
biochemical reactions, it comes as no
surprise that even small temperature vari-
ations within these limits, such as those
associated with gradual climate change,
have profound effects on living organisms.
It is also easy to see the adaptive signifi-
cance of evolved mechanisms that allow
organisms to anticipate changes in envi-
ronmental temperature and adjust to
them. Many animals exhibit differential
activity patterns in warmer versus colder
seasons, hibernation being an extreme
example. Seasonal timekeeping mecha-
nisms that govern these behaviors often
make use of day length as a reliable indi-
cator of the time of year. In this context,
day length is commonly measured by the
coincidence of light and certain phases
of the internal daily time keeping mecha-
nisms of the circadian clock (Dunlap
et al., 2004).
A little less than a decade ago Majercak
and colleagues reported in these pagesa molecular mechanism underlying
seasonal adaptive behavior in the fruit fly
Drosophila melanogaster (Majercak et al.,
1999). Cold temperatures induced flies to
show earlier evening-associated loco-
motor activity and a decreased period of
midday rest. This mechanism is proposed
to be seasonally adaptive because it
allows flies to avoid midday activity during
hot spring and summer days when there
may be a risk of desiccation, while allow-
ing midday activity during colder fall and
winter days when it may be advantageous.
Temperature-dependent mRNA splicing
of dmpi8 the terminal intron in the circa-
dian clock gene period (per) was shown
to make a substantial contribution to this
response by affecting the phase of accu-
mulation of both per transcript and PER
protein. The fact that per forms the entry
point for seasonal modulation of circadian
timing is consistent with its central role in
the circadian clock circuits. In the
Drosophila circadian clock, per is one of
the transcriptional targets for CLOCK/
CYCLE (CLK/CYC), a heterodimeric
complex of two bHLH (basic helix-loop-
helix) PAS (PER-ARNT-SIM) transcriptionNeuron 60,factors that activates expression at dusk.
PER protein accumulates with a substan-
tial delay relative to per transcript, in part
because it is destabilized by phosphoryla-
tion events that promote its degradation
through the ubiquitin-proteosome
pathway. The accumulation of TIMELESS
(TIM) protein, the product of another CLK/
CYC regulated gene, is necessary to
stabilize PER in a complex that also
includes the kinase DOUBLETIME (DBT)
and to mediate nuclear transfer around
midnight. TIM itself is subject to light-
dependent degradation, allowing the
clock circuits to be synchronized to envi-
ronmental light/dark signals. Once in the
nucleus, PER directly interacts with CLK/
CYC and inhibits promoter binding, thus,
providing negative feedback on the tran-
scription ofper, tim, and other coregulated
genes (see Figure 1; Dubruille and Emery,
2008; Hardin, 2005; Stanewsky, 2003;
Wijnen and Young, 2006).
The status of per as a dosage-depen-
dent regulator of circadian time keeping
was established in early studies exam-
ining the relationship between per gene
dosage and period length. Mutant allelesDecember 26, 2008 ª2008 Elsevier Inc. 943
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Previewsof per can give rise to period lengths as
short as 16 hr (perT) or as long as 30 hr
(perL1). Moreover, several alleles of per
(perSLIH, perL1) have temperature-depen-
dent effects on circadian time keeping
(Dubruille and Emery, 2008; Hardin, 2005;
Stanewsky, 2003; Wijnen and Young,
2006). Yet, the phenotypes described by
Majercak and colleagues for transgenic
alleles of per that specifically block
splicing of the last intron (Drosophila
melanogaster per intron 8 or dmpi8) are
unique in the sense that they specifically
affect the phase, but not the period length
of circadian locomotor behavior (Majer-
cak et al., 1999).
Another level of seasonal regulation
results from the effect of day length on
per and tim expression. Due to the light-
dependent degradation of TIM, the accu-
mulation of PER/TIM/DBT complexes as
well as subsequent steps in the circadian
cycle and the phase of evening locomotor
activity are directly linked to dusk and,
therefore, occur earlier when day length
is shortened (Dubruille and Emery, 2008;
Hardin, 2005; Stanewsky, 2003; Wijnen
and Young, 2006). Because splicing of
dmpi8 exhibits a circadian oscillation that
becomes more pronounced at warmer
temperatures, its daily phase is also ex-
pected to be influenced by the timing of
dusk (Majercak et al., 2004). In particular,
the late dusk in long warm days is ex-
pected to delay the clock-dependent
increase in splicing activity, thus resulting
in late accumulation of PER and a period of
midday rest, a siesta if you will, before the
onset of evening locomotor activity. In
addition, light has clock-independent
effects on the expression of both per and
tim. Acute light-dependent inhibition of
dmpi8 splicing was observed at both
warm and cold temperatures (Collins
et al., 2004; Majercak et al., 2004), while
tim transcription was rapidly increased in
A 
B 
Figure 1. Comparison of Seasonal Modulation of Daily Behavior inDrosophila melanogaster
and yakuba
Daily locomotor activity behavior inDrosophila is regulated via the circadian clock circuits (A and B) as well
as by direct responses to light and temperature independent from clock circuits and components (not
shown). The abridged version of the circadian clock circuits shown here encompasses a negative feed-
back loop of gene expression containing the transcriptional activator CLK/CYC and its negative regulators
PER and TIM. This system generates behavioral output in the form of daily locomotor activity rhythms via
a poorly understood signaling pathway. Light-dependent synchronization of the clock circuits and daily
activity occurs via light-dependent degradation of TIM. Light exposure during the night causes phase
delays or advances, depending on its occurrence prior to or following the onset of PER/TIM-mediated
repression of CLK/CYC around midnight. In D. melanogaster, additional mechanisms exist that modulate
the daily activity profile via the clock circuits (A). On the one hand, splicing of the last intron of per (dmpi8),
which results in an increase in per transcript and protein is enhanced by colder temperatures (blue arrow)
and acutely inhibited by light. On the other hand,
tim transcript levels are decreased in response to
cold temperatures, while tim transcription is
acutely increased in response to light at cold
temperatures. In contrast to these responses in
D. melanogaster, splicing of the last intron of per
in D. yakuba is not temperature-dependent and
neither is the daily activity profile (B). Substitution
of the D. yakuba per splicing signals for those of
dmpi8 in D. melanogaster alters temperature-
dependent control of daily activity, indicating a
contributing factor to the seasonal behavior of
D. melanogaster.944 Neuron 60, December 26, 2008 ª2008 Elsevier Inc.
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(Chen et al., 2006). Although neither of
these effects requires clock function per
se, both of them are modulated by circa-
dian phase. Light-dependent inhibition of
dmpi8 splicing is most apparent at phases
of increasing splicing in the late day
through early night and this mechanism
is thus primed to respond to changes in
the timing of dusk (i.e., a lengthened day
results in a decrease in splicing) (Collins
et al., 2004; Majercak et al., 2004). Further-
more, light-induced tim transcription at
cold temperatures appears to be
restricted to the phase of CLK/CYC
activity, which prevents it from dispropor-
tionally advancing tim expression ahead
of its entrained circadian phase if long
photoperiods coincide with cold days
(Chen et al., 2006). In summary, these
mechanisms act in concert to modulate
the timing of PER accumulation and the
associated peak in evening activity rela-
tive to seasonal changes in day length
and temperature.
A new study by Low and colleagues
(2008) published in this issue of Neuron
revisits the role of per splicing in mediating
seasonal adaptive behavior. A detailed
and thorough analysis of the splicing
signals surrounding dmpi8 was conducted
in a heterologous Schneider 2 (S2) cell
culture system. Splicing of dmpi8 was
found to be temperature sensitive in S2
cells even though they are of embryonic
origin and do not have a working circadian
clock. Moreover, temperature-dependent
splicing of dmpi8 and its derivatives was
shown to depend on a number of subop-
timal matches to the 50 and 30 splice site
(SS) consensus. In addition, the authors
were able to establish a strong connection
between the relative weakness of the
splice sites surrounding the terminal
intron of per and temperature-dependent
regulation of daily activity patterns in
different Drosophila species.
In contrast to observations made for
Drosophila melanogaster and simulans,
the daily locomotor activity profiles of
Drosophila yakuba and santomea fail to
show a tendency toward an increased
siesta period of midday rest at higher
temperatures (Low et al., 2008). These
behavioral observations are correlated
with a difference in geographical range.
Whereas D. melanogaster and simulans
are widely distributed across temperateclimate zones characterized by substan-
tial seasonal fluctuations in day length
and temperature, this is not the case for
the equatorial geographic origins of
D. yakuba and santomea. The differences
in seasonally adaptive behaviors are
matched at the molecular level by the
occurrence of temperature-dependent
splicing of the terminal per intron in
D. melanogaster and simulans versus effi-
cient splicing across different tempera-
tures of the equivalent intron in D. yakuba
and santomea. Moreover, the splice sites
surrounding dmpi8 and its equivalents in
other species are better matched to the
high efficiency consensus site inD. yakuba
and santomea than in melanogaster and
simulans. Low et al. (2008) directly tested
the functional importance of the weak
splice sites surrounding dmpi8 by selec-
tively substituting sequences from strong
splice sites such as those found for the
third intron of D. melanogaster per or the
terminal intron for D. yakuba per. S2 cell
splicing assays indicated that multiple
suboptimal nucleotide positions in the
dmpi8 50 SS (positions 2, 1, and +6)
and 30 SS (position 3) contribute to the
temperature sensitivity of dmpi8 splicing.
In particular, 50 SS position +6 and 30 SS
position 3 are suboptimal in D. mela-
nogaster and simulans, but match the
consensus splice site in D. yakuba and
santomea. Furthermore, Low et al. (2008)
generated D. melanogaster stocks in a
per01 null mutant background that contain
D. melanogaster per transgenes carrying
either dmpi8 with native splice signals,
a mutant dmpi8 (M2M1) with optimized
50 SS (at 2, 1, +6) and 30 SS (at 3), or
the D. yakuba terminal per intron and
splice sites (dyp30). The per transgenes
were compared for their ability to rescue
seasonal modulation of daily activity
profiles across a variety of temperatures
and photoperiods. Consistent with the
notion that efficient splicing of the terminal
intron in per would dampen seasonal
modulation of the daily activity profile,
comparison of transgenic phenotypes for
M2M1 and dyp30 versus dmpi8, in most
cases, revealed an advanced evening
peak as well as a shortened siesta. In
contrast, circadian period length under
free running conditions did not show
strong transgene-dependent differences.
Molecular analyses confirmed that
splicing levels in M2M1 and dyp30 butNeuron 60,not dmpi8 transgenic rescues are consti-
tutively high and temperature indepen-
dent and associated with increases in total
per transcript levels. The inverse associa-
tion between splicing efficiency of dmpi8
(or the equivalent intron) and siesta in
these experiments is remarkable as the
most efficiently spliced transgene (M2M1)
also shows the strongest suppression of
daytime rest.
Nevertheless, unlike in the wild-type
D. yakuba and santomea lines, tempera-
ture-dependent modulation of the siesta
persists in the D. melanogaster M2M1
and dyp30 transgenic rescues. Thus,
molecular mechanisms other than dmpi8
splicing appear to contribute to the
seasonally adaptive temperature re-
sponses in D. melanogaster. It is, for
example, possible that temperature-
dependent regulation of tim expression
proceeds differently in seasonally adap-
tive fly species. In this context it may
be worthwhile to examine if the light-
dependent induction of tim transcription
observed at colder temperatures in
D. melanogaster (Chen et al., 2006) is
also found in D. yakuba.
The article by Low and coworkers (2008)
has shed new light on the molecular
details underlying seasonal locomotor
behavior and the authors have formulated
several hypotheses that can be addressed
in future studies. To account for the
temperature sensitivity of dmpi8 splicing
the authors propose a model involving
enhanced binding of the U1 snRNA to
the 50 SS at cold temperatures in combina-
tion with cooperative recruitment of
spliceosome components by different
cis-acting splicing signals. This model is
consistent with previous observations
of temperature sensitive splicing, but
remains to be verified experimentally for
dmpi8. In addition, it is uncertain why
active splicing of dmpi8 results in
advanced accumulation of per transcript
and protein. The authors propose that
the assembly of spliceosomes at dmpi8
may facilitate 30 end formation of per
transcripts resulting in increased accumu-
lation. It will be of interest to investigate
whether additional sequence elements
(that are not necessarily divergent
between D. melanogaster and yakuba)
are required for mediating this connec-
tion. Furthermore, the correlation between
per splicing and temperature-dependentDecember 26, 2008 ª2008 Elsevier Inc. 945
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Previewsmodulation of siesta behavior could be
surveyed in additional Drosophila popula-
tions and species to more precisely
determine its degree of conservation.
Intriguingly, in the distantly related fungus
Neurospora crassa the central clock gene
frequency undergoes temperature-
dependent splicing to ensure a stable
period length across a range of tempera-
tures, suggesting that circadian clock
circuits may have preferentially incorpo-
rated temperature-sensitive splicing
mechanisms (Diernfellner et al., 2007).
In a broader context, the experiments
presented in the paper point to multiple
mechanisms besides dmpi8 splicing that
seasonally modulate daily activity in
Drosophila. First, photoperiod modulates
the onset of evening activity in the
absence of conditional per splicing at
the last intron in D. yakuba. Second,So Many Choices:
Models Reveal abo
Decision-Making M
Emilio Salinas1,*
1Department of Neurobiology and Anatomy, W
*Correspondence: esalinas@wfubmc.edu
DOI 10.1016/j.neuron.2008.12.011
Is decision making in the brain (a) op
in this issue of Neuron by Beck et al.
neural circuits capable of picking on
The neurobiological basis of decision-
making has been intensely studied by
systems neuroscientists over the last few
decades. Much of this work has been
based on paradigms in which, in each trial,
a subject selects one of two possible
choices. In parallel with the experimental
work, a variety of theories and models
have been proposed, and what stands
out is that even highly simplified phenom-
enological models have been able to
capture much of the psychophysical and
neurobiological data in the two-alternative
tasks (Smith and Ratcliff, 2004). Recently,
946 Neuron 60, December 26, 2008 ª2008 Etemperature modulates siesta time in
transgenic D. melanogaster lacking
a temperature-sensitive dmpi8. While the
explanation for the former observation
likely involves clock-dependent synchro-
nization of the evening activity peak
relative to dusk, a combination of clock-
dependent and clock-independent be-
havioral responses to temperature may
help explain the latter observation.
Regardless, it is clear that we can expect
new discoveries concerning the molec-
ular basis of seasonal behavior to keep
appearing for quite some time.
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approaches (Beck et al., 2008; Furman
and Wang, 2008). Both studies describe
neural circuits that replicate psychophys-
ical and neurophysiological results ob-
tained during choice behaviors. However,
Xiao-Jing Wang’s group aimed to capture
as much biophysical detail as possible,
whereas Alex Pouget’s group aimed to
implement key mathematical principles
that neural circuits should employ if they
are to generate optimal choices.
One of the most popular paradigms for
studying the neural basis of decision-
making is a two-alternative forced-choice
